M
OOD AND ANXIETY DISorders are serious medical conditions associated with high levels of morbidity and mortality across the life span. Even with effective treatment, these conditions often recur and result in enormous personal, family, and societal costs. Thus, substantial effort is being made to identify both biological and environmental mechanisms that contribute to the diathesis for these illnesses. 1 The brain serotonin (5-hydroxytryptamine ) system, which plays a critical role in the regulation of mood and temperament, 2 is a major focus of these efforts. Drugs that target serotonergic neurotransmission are efficacious for the treatment of a variety of these conditions, including depression, obsessive-compulsive disorder, anxiety, and panic. 3 Moreover, genetic variation in several key 5-HT subsystems, presumably resulting in altered central serotonergic tone and neurotransmission, is associated with various aspects of mood and temperament as well as susceptibility to affective illness. [4] [5] [6] The 5-HT transporter (5-HTT) plays an important role in serotonergic neurotransmission by facilitating reuptake of 5-HT from the synaptic cleft. A relatively common polymorphism (5-HTTLPR) in the promoter region of the human 5-HTT gene (SLC6A4) results in 2 common alleles or variants 7 : the so-called short (S) and long (L), comprising 14 and 16 copies of a 20 to 23 nucleotide repeat cassette, respectively. Both in vitro transfection 8 and in vivo imaging 9 studies have revealed that the 5-HTTLPR has functional effects at the level of 5-HT biology by regulating 5-HTT expression. Specifically, the S allele is associated with a nearly 50% reduction in 5-HTT availability, presumably resulting in relatively increased synaptic concentrations of 5-HT. This functional effect on 5-HT availability has encouraged clinical studies of association between 5-HTTLPR genotype and various anxiety-and depression-related phenotypes.
While there have been reports of a spectrum of behavioral and clinical associations with the less-efficient S allele, including higher levels of anxiety and risk for affective illness 10 as well as poorer response to selective serotonin reuptake inhibitor (SSRI)-type antidepressant drugs, [11] [12] [13] inconsistencies and negative reports have raised doubts about the clinical importance of this polymorphism in the risk for and expression of affective disorders.
14 Two recent reports, however, suggest that 5-HTTLPR genotype does play a role in mood and temperament but that the biological mechanism is complex and the behavioral effect dependent on environmental context.
In the first, Hariri et al 15 used a functional magnetic resonance imaging (fMRI) paradigm to measure the physiologic response of the human amygdala during the perceptual processing of fearful and threatening faces. This fMRI paradigm has been shown to be a reliable measure of the experience of potential danger in the environment, consistent with the role of the amygdala in fear conditioning in animals. 16 In this study, S allele carriers exhibited a significantly greater amygdala response than L allele homozygotes in 2 small independent cohorts of healthy volunteers. These results suggest that 5-HTTLPR S allele-driven variation in amygdala 5-HT signaling creates a bias toward a heightened brain response to environmental threat, but that this relative hyperresponsivity alone does not predict individual differences in mood and temperament.
In the second report, Caspi et al 6 found that the 5-HTTLPR S allele significantly increased risk for depressive symptoms, diagnosable depression, and suicidality in a large epidemiological cohort in New Zealand, but only in the context of stressful life events. In contrast, such stressful life events had no significant effect on these indices of mood in L allele homozygotes. Their results suggest that the 5-HTTLPR contributes to susceptibility for mood disorders, but that this effect is dependent on individual experience and exposure to environmental events, presumably because variation in the gene colors the brain's response to such experiences.
While the studies of Hariri et al 15 and Caspi et al 6 provide independent evidence for the importance of the 5-HTTLPR in the neural architecture of mood and temperament as well as the risk for developing affective disorders, a direct link between amygdala excitability and susceptibility to mood disorders has not been established. In this study, we sought to replicate our initial finding of 5-HTTLPR S allele-driven amygdala hyperreactivity in a large independent cohort of volunteers, as well as to explore the influence of both sex and S allele load on amygdala function and, in turn, dimensions of temperament associated with depression and anxiety.
METHODS

SUBJECTS
From September 2000 to July 2003, 163 subjects recruited as normal volunteers were scanned with blood oxygen leveldependent (BOLD) fMRI as part of a large ongoing study exploring the genetics of cognition and emotion. All subjects gave written informed consent and participated in the study according to the guidelines of the National Institute of Mental Health institutional review board. All subjects underwent extensive historical reviews and in-depth clinical interviews, including the Structured Clinical Interview for DSM-III-R for lifetime psychiatric diagnosis 17, 18 and physical examination. Thirty-nine subjects were excluded for preexisting neurological, psychiatric, and/or substance abuse problems and history of other medical problems and/or treatment relevant to cerebral metabolism and blood flow; for screening details, see Egan et al. 19 To control for confounding effects of population substructure and ethnic heterogeneity, we limited our fMRI data analyses to 102 European American subjects from the larger sample of 124 healthy volunteers. There was minor overlap (n=19) between the current cohort of 92 subjects included in the final fMRI data analysis (which will be discussed) and those from our original study. This was done to maximize the samples of homozygote individuals.
MOOD AND PERSONALITY ASSESSMENT
The harm avoidance (HA) subset of the Tridimensional Personality Questionnaire 20 was administered as a putative index of behaviors, such as fear and anxiety, related to amygdala function and influenced by serotonergic neurotransmission. Analysis of variance was used to identify genotype, sex, and genotype-by-sex effects on total HA scores as well as scores from 2 anxiety-related HA subscales, anticipatory worry (HA1) and fear of uncertainty (HA2), which have been previously associated with the 5-HTTLPR. 21 Harm avoidance scores were available in 83 of the 92 subjects included in the final BOLD fMRI analysis.
AMYGDALA REACTIVITY TASK
During fMRI scanning, subjects completed a simple perceptual task involving the matching of fearful and angry facial expressions known to robustly engage the amygdala. [22] [23] [24] In this task, 2 blocks of an emotional task were interleaved with 3 blocks of a sensorimotor control task. During the emotional task, subjects viewed a trio of faces and selected the 1 of 2 faces (bottom) that was identical to the target face (top). Each emotional block consisted of 6 images, 3 of each sex and target affect (angry or afraid), all derived from a standard set of pictures of facial affect, presented sequentially for 5 seconds. During the sensorimotor control block, subjects viewed a trio of geometric shapes (circles and vertical and horizontal ellipses) and selected the 1 of 2 shapes (bottom) that matched the target shape (top). Each control block consisted of 6 different images presented sequentially for 5 seconds.
fMRI ACQUISITION PARAMETERS
Each subject was scanned using a 3-T GE Signa scanner with a real-time functional imaging upgrade (Milwaukee, Wis). An automated shim procedure was applied to minimize possible magnetic field inhomogeneities. Blood oxygenation leveldependent functional images were acquired with a gradient echoplanar imaging sequence and covered 24 axial slices (4-mm thick, 1-mm gap) that began at the cerebral vertex and encompassed the entire cerebrum and the majority of the cerebellum 
fMRI DATA ANALYSIS
Blood oxygen level-dependent fMRI data analysis was completed using the general linear model of SPM99 (http://www .fil.ion.ucl.ac.uk/spm) and analysis of variance in SPSS software, version 11.5 (SPSS Inc, Chicago, Ill). Briefly, images for each subject were realigned to the first volume in the time series to correct for head motion, spatially normalized into a standard stereotactic space (Montreal Neurological Institute template) using a 12-parameter affine model, and smoothed to minimize noise and residual differences in gyral anatomy with a Gaussian filter, set at 8-mm full width at half maximum. Voxelwise signal intensities were ratio normalized to the wholebrain global mean. Ten data sets were excluded from the sample of 102 European American subjects for image-related artifacts (eg, excessive head motion, signal loss/susceptibility in medial temporal lobes).
Predetermined condition effects for the entire functional brain volume were calculated using a t statistic, producing a statistical image for the contrast of the emotional task vs the sensorimotor control for each subject. These individual contrast images were then used in a second-level random-effects model, which accounts for both scan-to-scan and subject-to-subject variability, to identify significant (PϽ.05, corrected for multiple comparisons across all suprathreshold brain voxels) activations (percentage of BOLD signal change between emotional and control tasks) in the amygdala. Mean percentage of BOLD signal-change values were then extracted from these functionally defined amygdala clusters for each subject. Analysis of variance was then carried out on these single-subject values for both the left and right amygdala to identify genotype, sex, and genotype-by-sex effects. Multiple regression analyses were employed to examine the relationship between genotype, amygdala reactivity, and HA scores.
GENOTYPING
DNA isolation and analysis were conducted on blood samples using standard procedures. Oligonucleotide primers flanking the 5-HTTLPR and corresponding to the nucleotide positions −1416 to −1397 (stpr5, 5Ј-GGCGTTGCCGCTCTGAATGC) and −910 to −888 (stpr3, 5Ј-GAGGGACTGAGCTGGACAAC-CAC) of the 5-HTT gene 5Ј-flanking regulatory region were used to generate 484-base pair and 528-base pair fragments. Polymerase chain reaction amplification and gel separation were accomplished using published methods. 7 The individuals in the 5-HTTLPR genotype groups were also genotyped with a panel of 100 unlinked single nucleotide polymorphism loci and showed no significant variation in frequency at any of these single nucleotide polymorphisms, including several that have been associated with variation in cortical function (eg, catechol Omethyltransferase, brain-derived neurotrophic factor, and apolipoprotein E ε4) (available on request).
RESULTS
SAMPLE DEMOGRAPHICS
The 5-HTTLPR allele and genotype frequencies were consistent with expected values in European American populations and were in Hardy-Weinberg equilibrium (Table) . Neither allele nor genotype frequencies differed between men and women. A 2-factor (5-HTTLPR genotype and sex) analysis of variance revealed no significant genotype, sex, or genotype-by-sex effects on IQ. This was true using either a 2-genotype (L/L and S carrier) or a 3-genotype (L/L, L/S, and S/S) classification scheme in either cohort. There were also no significant 5-HTTLPR genotype, sex, or genotype-by-sex effects on fMRI task performance.
5-HTTLPR EFFECT ON HARM AVOIDANCE
As expected, 25 there was a main effect of sex on total HA (F 1,82 = 11.27, P = .001), with higher scores in women (mean ± SEM, 11.90 ± 0.70) than in men (mean ± SEM, 8.21±0.85). While there was no sex difference in HA1, women (mean±SEM, 4.00±0.18) also exhibited significantly higher mean scores on HA2 (F 1,82 =16.73, PϽ.001) in comparison with men (mean±SEM, 2.74±0.25). However, using either a 2-genotype (L/L and S carrier) or a 3-genotype (L/L, L/S, and S/S) classification scheme, there were no significant genotype or genotype-by-sex effects on any HA scores (ie, total, HA1, or HA2).
5-HTTLPR EFFECT ON AMYGDALA REACTIVITY
Consistent with our previous work, perceptual processing of fearful and threatening facial expressions was associated with bilateral amygdala activity in all subjects ( Figure 1A) . Analysis of variance in the select sample of 92 European American subjects revealed that the activity of the right amygdala was significantly greater in S allele carriers in comparison with L allele homozygotes ( Figure 1B ). There was no significant effect of 5-HTTLPR genotype on left amygdala activity (F 1,90 =0.23, P=.63). Additional analyses indicated that the 5-HTTLPR effect on right amygdala activity was independent of both sex and S allele load (Figure 2) . Similar effects were identified with post hoc comparisons in our entire sample of 124 subjects, including both European American and nonEuropean American subjects.
AMYGDALA REACTIVITY AND HARM AVOIDANCE
Exploratory analyses in 83 subjects with overlapping amygdala BOLD and HA data revealed no significant relationships between either left or right amygdala activity and total HA (Figure 3) . There was also no signifi- cant genotype-by-BOLD interaction effect on total HA. Significant amygdala BOLD or genotype-by-BOLD interaction effects were also absent with respect to HA1 and HA2 subscales.
COMMENT
Our results reveal that the 5-HTTLPR S allele has a robust effect on human amygdala function independent of both sex and S allele load. Importantly, the absence of group differences in age, sex, IQ, and ethnicity indicates that our observed effects are not likely a reflection of systematic variation in such nongenotype factors. Rather, our data suggest that heritable variation in 5-HT signaling associated with the 5-HTTLPR results in relatively heightened amygdala responsivity to salient environmental cues. That these results emerged in a sample of ethnically matched normal volunteers carefully screened to exclude any lifetime history of psychiatric illness or treatment argues that they represent genetically determined biological traits not related to manifest psychiatric illness. The fact that the groups did not differ in allele frequencies at 100 unlinked single nucleotide polymorphisms across the genome suggests that the groups did not differ in terms of genetic admixture. 26 However, our demonstration of an effect of the 5-HTTLPR S allele on amygdala response probably does not capture all the genetic variance associated with this gene. Recent studies have identified another potentially functional variant in the 5-HTTLPR that may further parse the S allele effect. 27, 28 This is a minor additional genetic effect, however, that suggests some further refinement of the physiologic response based on 5-HTTLPR genotype may be possible. Of course, it is likely that many additional functional variants, both within and beyond the 5-HT system, will additively or epistatically affect amygdala physiology and further contribute to observed individual differences in reactivity.
While it is likely that constitutive variation in 5-HT signaling affects the biology of distributed brain systems beyond the amygdala, we have focused on the effects of the 5-HTTLPR on amygdala function because this region plays a central role in the generation of behavioral arousal and orientation as well as specific emotional states such as fear. Consistent with our previous study, 15 5 -HTTLPR S allele carriers exhibited significantly increased right amygdala activation in response to our fMRI challenge paradigm. Two recent functional imaging studies have reported similar S allele-driven amygdala hyperreactivity in both healthy volunteers 29 and patients with social phobia. 30 In addition, our current data reveal that 5-HTTLPR S allele-driven amygdala hyperresponsivity is equally pronounced in both sexes and independent of S allele load. The equivalent effect of 1 or 2 S alleles on amygdala function is consistent with the original observations of Lesch et al 8 on the influence of the 5-HTTLPR on in vitro gene transcription efficiency and subsequent 5-HTT availability. The absence of sex differences suggests that the increased prevalence of mood disorders in women may be related to factors other than the direct risk effect of the 5-HTTLPR S allele. Line graphs represent the mean ± SEM blood oxygen level-dependent (BOLD) signal change in the entire right amygdala functional cluster identified in part A. There was a main effect of 5-HTTLPR genotype on right amygdala activation, with S allele carriers having significantly greater activity than L allele homozygotes (F 1,33 = 4.72, P = .04). As Levene test revealed that the variances between genotype groups was not equal (L/LϾS carrier; F 1,90 = 9.66, P = .003), we employed the Brown-Forsythe equality of means test, where variances are not assumed to be equal, to interpret the analysis of variance results. Figure 1A as a function of both sex and S allele load. There was no main effect of sex (F 1,90 = 0.26, P = .61) or a genotype-by-sex interaction (F 2,86 = 0.08, P = .92) on amygdala activity. While there was a significant main effect (Brown-Forsythe F 2,48 = 3.99, P = .02) of genotype when accounting for S allele load (ie, L/L, L/S, and S/S), post hoc comparisons indicated that there was no difference between L/S and S/S groups (P = .38).
Amygdala hyperreactivity to environmental threat in 5-HTTLPR S allele carriers, who presumably have relatively higher levels of synaptic 5-HT, may at first appear counterintuitive to the reported anxiolytic and antidepressant effects of SSRIs, which are associated with a net increase in 5-HT neurotransmission. However, recent studies have revealed that the clinical effects of SSRIs are complex, temporally graded, and dependent on alterations in several 5-HT subsystems. For example, Blier and de Montigny 3 have argued that the anxiolytic effects of SSRIs are mediated through long-term down-regulation of presynaptic 5-HT 1A autoreceptors, resulting in normalization of 5-HT tone, and not simply through increased synaptic 5-HT resulting from 5-HTT blockade. Importantly, the SSRI-mediated 5-HT 1 A downregulation occurs approximately 2 to 3 weeks after initiation of treatment, a time course parallel to that of the drugs' anxiolytic effects. Thus, constitutive variation in 5-HT availability affecting amygdala reactivity is unlikely to be directly related to the SSRI-mediated anxiolytic response. Moreover, it is conceivable that congenital increases in synaptic 5-HT may also translate into down-regulation of the postsynaptic signaling apparatus, rendering S allele carriers relatively desensitized to 5-HT. In fact, several studies have demonstrated that 5-HTTLPR S allele carriers respond poorly to SSRIs and/or require higher doses than L allele homozygotes, 13 further supporting the hypothesis that 5-HTT availability may dictate the relative effectiveness of SSRIs to increase synaptic 5-HT, leading to negative feedback on 5-HT 1A autoreceptors, postsynaptic adaptations, and longterm therapeutic effect.
It is important to emphasize that the 5-HTTLPR S allele effect on amygdala function exists in a sample of healthy volunteers with no history of affective or other psychiatric disorders. This is consistent with a recent fMRI study reporting that while amygdala hyperexcitability reflects a stable, heritable trait associated with inhibited behavior, it does not by itself predict the development of affective disorders. 31 Two recent studies suggest that the existence of significant stressors in the environment of individuals carrying the 5-HTTLPR S allele may be necessary to further tip the balance toward the development of pathologic features and illness. 6, 32 Similarly, abnormal social behavior 33 and 5-HT metabolism 34 have been reported in rhesus macaques with the 5-HTTLPR S allele homologue, but only in peer-reared and thus environmentally stressed individuals.
The presence, and perhaps even necessity, of such environmental stressors acting on an extended neural circuitry in facilitating 5-HTTLPR S allele influences on behavior is underscored by the absence of significant genotype or genotype-by-sex effects on HA as well as correlations between amygdala reactivity and HA in our healthy subjects. This suggests that 5-HTTLPR-driven variation in the responsivity of the amygdala, while robust and consistent, does not uniformly result in altered mood and temperament, per se. However, the current study design limits our ability to fully explore the complex interplay of genes, brain, and behavior. For example, our selection of a unique cohort of volunteers rigorously screened for medical and psychiatric health may have reduced the phenotypic variability necessary for detection of genetically driven variance in behavioral traits likely to exist along a continuum. Moreover, 2 recent metaanalyses have indicated that the behavioral instrument used in our study (ie, Tridimensional Personality Questionnaire-HA) is not sensitive to the 5-HTTLPR, even in much larger samples, and that the neuroticism scale based on the 5-factor model of personality is more strongly associated with the 5-HTTLPR and possibly its effects on amygdala reactivity. 35, 36 Finally, our current fMRI task is designed to elicit a maximal response from the amygdala (by comparing its response to biologically salient vs Relationship between amygdala reactivity and harm avoidance. Plots illustrate the absence of significant correlations between either left (r = −0.032, P =.77) or right (r=0.086, P = .44) amygdala activity and total harm avoidance scores in a sample of 83 subjects with overlapping amygdala blood oxygen level-dependent (BOLD) and harm avoidance data.
nonsalient stimuli) and cannot discriminate between differential responses to specific classes of emotional stimuli (eg, angry, fearful, happy, and neutral faces). 5-HTTLPR effects on behavior may be more closely related to such differential amygdala reactivity to affectspecific stimuli previously linked with behavioral variance and psychiatric illness. 37 Future attempts to explore the links between the 5-HTTLPR, amygdala reactivity, and dimensional measures of mood and temperament will benefit from extending the phenotypic variability of the sample, employing more varied behavioral instruments and applying fMRI paradigms that allow for differential amygdala responses to specific classes of emotional stimuli.
Despite these limitations, our results suggest that individual differences in complex, emergent phenomena, such as harm avoidance, as well as disease vulnerability will likely reflect the effects of genetic variation acting in concert with specific environmental factors on a distributed brain system involved in not only mediating physiologic and behavioral arousal (eg, amygdala) but also regulating and integrating this arousal in the service of adaptive responses to environmental challenges (eg, prefrontal cortex). [38] [39] [40] For example, the experience of environmental insult before the maturation of relatively late-developing prefrontal regulatory circuits 41 may result in further biased amygdala drive in S allele carriers. Such relative hyperamygdala and hypoprefrontal activity has been documented in affective disorders 42, 43 and thus may reflect a critical predictive biological marker.
Along these lines, 2 recent imaging genomics studies have reported increased prefrontal responsivity during the monitoring of performance errors 44 and increased functional coupling of the amygdala and prefrontal cortex during affect processing 29 in healthy S allele carriers. Thus, intact dynamic interactions of the amygdala and prefrontal cortex may be critical for normal behavioral responses in individuals possessing the 5-HTTLPR S allele. As the impact of genetically driven variation in dopamine availability (eg, catechol O-methyltransferase) on prefrontal function has been well documented, 19, 45 it will be of increasing importance to model the influence of heritable variation in both amygdala and prefrontal activity in exploring the influence of genes on behavior. We have begun to examine the direct and interactive effects of several functional polymorphisms (eg, 5-HTTLPR and catechol O-methyltransferase) on the dynamics of the amygdala and prefrontal cortex during the generation, integration, and regulation of affect. Furthermore, we are now exploring the impact of early environmental stress on such genetically driven variation in brain function contributing to the etiology of mood and other affectively laden disorders in large longitudinal studies of children and adolescents. 
